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Abstract 
The Shiraz aquifer undergoes anthropogenic pressure from local urban, agricultural and industrial activities that result in 
dissolved nitrate (NO3-) reaching concentrations as high as 149 mg/L, well above the 50 mg/L guideline defined by the World 
Health Organisation. We coupled classical chemical and dual isotope (G15N and G18O of NO3-) approaches to characterize sources 
and processes controlling its budget. Our data indicate that NO3- in this aquifer is explained by distinct end-members: while 
mineral fertilizers isotopically show to have no impact, our isotope approach identifies natural soil nitrification and organic NO3- 
(manure and/or septic waste) as the two main contributors. Isotope data suggest that natural denitrification may occur within the 
aquifer, but this conclusion is not supported by the study of other chemical parameters. 
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1. Introduction 
Groundwater is the main source of drinking water for many arid and semi-arid regions worldwide endangered by 
contamination [1], with nitrate (NO3-) often exceeding the drinkable limit of 50 mg/L. In urban environments, 
groundwater contamination by NO3- usually results from anthropogenic activities including: i) point sources 
including sewage and septic systems, industries and ii) diffuse sources including chemical fertilizers and manure 
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applied in green areas [3]. Natural transformation processes such as denitrification or nitrification also affect NO3- 
concentration in groundwater. Identifying nitrogen sources in groundwater and the processes affecting NO3- is 
essential to improve water quality [4]. However, the interlacing of various sources and biogeochemical processes 
along the nitrogen cycle renders determining sources of NO3- difficult. The presence of fecal coliform jointly with 
NO3- in groundwater may indicate recent NO3- contamination by human sewage or animal droppings provided this is 
confirmed by another reliable technique [5]. Since sewage or manure may not be the only source of NO3-, using 
biological tracers is usually not the only way to determine the source of NO3-. Other reliable methods are available, 
including the study of nitrogen (G15N) and oxygen (G18O) isotopes from the dissolved NO3- ion [6-8]. This dual G15N-
G18O approach presents the advantage of also identifying and characterizing nitrogen transformation processes (i.e. 
nitrification and denitrification) in groundwater. The aim of this study was to identify: 1) sources and 2) 
transformation processes of nitrogen species by applying the classical dual δ15N and δ18O isotope approach to the 
Shiraz alluvial aquifer (Iran).  
2. Study site 
The Shiraz alluvial aquifer is described in detail elsewhere [9]. The northern portion of the plain consists of 
coarse alluvium. Oligo-Miocene carbonate from the Asmari-Jahrom Formation (karstic anticlines), Miocene marl 
from the Razak formation and Plio-Pleistocene conglomerate from the Bakhtyari Formation form the surrounding 
geological settings in the study area. In addition to the Shiraz alluvial aquifer, several other karstic anticlines 
surrounding the city provide drinking water for the residents. The northern karstic aquifer is connected with the 
alluvial aquifer. Extended pumping in the northern karstic aquifer has inversed the groundwater flow direction, 
resulting in alluvial aquifer water entering the karstic aquifer. The average depth of the water table in the 
northwestern area is about 64 meters, and gradually decreases towards the Maharlou Salt Lake in the southeastern 
part of the city. The general groundwater flow direction is NW-SE. The hydraulic gradient ranges from 0.001 to 
0.006 m/m. The Shiraz alluvial aquifer is majorly unconfined except in its southeastern part due to the presence of 
some interbedded thin clay layers. 
3. Results and discussion 
NO3- concentrations in the water samples vary from 3.6 to 140 mg/L during the wet season and from 3 to 149 
mg/L during the dry season. The average NO3- concentrations do not show significant variations between both 
sampling campaigns, with an average of 33±26 mg/L during the wet season and of 34±28 mg/L during the dry 
season. Overall, about 12% of the samples have NO3- concentration below 14 mg/L indicating that these locations 
may not be contaminated by anthropogenic sources [10] or are undergoing natural denitrification [11]. Some areas 
display high NO3- concentrations that may be related to point sources, such as residential areas with higher 
population density or the vicinity of agricultural farms and livestock barns. On the northeastern and eastern parts of 
the plain the high NO3- concentrations measured in shallow agricultural wells may be related to the combination of 
both the application of NO3- fertilizers and the low water depth in these zones. In the middle section of the plain, the 
observed high NO3- concentrations are probably due to the important density of residential areas. Results show that 
deep groundwater (below 30 meters) is moderately impacted by NO3- even though concentrations around 60 mg/L 
are observed. The highest NO3- concentrations are measured around 10-15m depth, while the shallow waters show 
relatively lower NO3- concentrations (usually under 20 mg/L close to the surface). Variation between the dry and 
wet season is, except for a few wells, minimal, indicating that dilution at high water stage is probably not 
significant. This is confirmed by the fact that Cl- concentrations, a conservative ion, for both sampling campaigns 
were similar. Combining NO3- and Cl- concentrations allows to identify at least three distinct sources: i) a low NO3- 
– low Cl- end-member which is consistent with the characteristics of the spring water as the natural background, ii) a 
low NO3- – high Cl- end-member that may correspond to wastewater [12], and iii) a high NO3- – moderate Cl- end-
member which may correspond to mineral fertilizers [13] or manure spreading [14].  
Water samples are grouped into three distinct families in the classical G15N vs. G18O diagram (Fig. 1): 
i) “Wet season” samples plot on a line with a 0.5 slope (r2=0.82). This 0.5 slope is generally associated with natural 
denitrification [15]. Natural denitrification translates into a linear enrichment in both 15N and 18O of the residual 
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NO3-, with the decreasing logarithm of the NO3- concentrations (e.g. [16, 17]). In the Shiraz aquifer we are not 
observing this dual isotope enrichment with decreasing NO3- concentrations. Natural denitrification also requires 
dissolved oxygen (DO) concentrations lower than 0.5 mg/L [18]. Data show DO ranging from 3.7 to 9.1 mg/L 
(average of 6.8 ± 1.3 mg/L), which is not in favour of the natural denitrification process, even though previous 
studies have shown that the presence of anoxic microsites in oxygenated bulk groundwater can host denitrifying 
bacteria [19]. NO2- is the first by product of natural denitrification [20]. Results show that, except for 2 samples, 
NO2- is usually very low or under the detection limit. This strongly suggests that they ultimately may not 
undergo natural denitrification and may thus be explained by a binary mixing. Most of these samples have dual 
G15N-G18O compatible with natural soil nitrogen nitrification [21]. But, as they are plotting on a mixing line, they 
also indicate that a non-negligible organic (manure and/or septic waste) contribution is responsible for the 
observed NO3- concentrations. 
ii) “Dry season A” samples with a slope of 1.7 (intercept at -11.5‰; r2=0.92).  
iii) “Dry season B” samples with a slope of 1.2 (intercept at -7.6‰; r2=0.95).  
 
 
 
 
 
 
 
 
 
 
Figure 1. Dissolved NO3- oxygen (G18O) and nitrogen (G15N) isotope compositions in the Shiraz aquifer. 
 
Samples taken during the dry season and labeled Dry Season A and Dry Season B plot on 2 distinct mixing lines, 
suggesting soil nitrogen nitrification plus at least 2 different organic sources of NO3- in the aquifer. Mineral 
fertilizers do not contribute to nitrate pollution. Coupling G15N with Cl- concentrations in the water samples confirms 
that during the dry season NO3- concentrations are explained by a ternary mixing relationship: i) A first source with 
a relatively low Cl- (<100 mg/L) and a G15N around 8‰. This end-member corresponds to the water collected at the 
spring. Its G15N is also similar to the one measured in local rainwater. This may represent regional “background” 
with the least anthropogenic impact. ii) A second source with a moderate Cl- (<1 g/L) concentration and a G15N 
≥20‰. This end-member may represent animals’ manure or mineral fertilizers. But as the study of coupled G15N and 
G18O (Fig. 1) only identify an organic origin for NO3- in the Shiraz aquifer, the latter is not a possible source of 
pollution here. Animals’ manure spreading seems the most probable source of pollution. iii) A third source with a 
high Cl- (>10 g/L) concentration and a G15N ≥20‰. This end-member shows characteristics consistent with a 
wastewater input. 
 
Results also show that while samples corresponding to Dry Season B are impacted by both animals’ manure and 
wastewater, samples corresponding to Dry Season A seem to be more influenced by animals’ manure spreading. 
During the wet season most of the samples have chemical compositions similar to the spring sample, in 
agreement with a high dilution of pollutants during high water stage. Still, our data show that wastewater is also 
involved during the wet season. 
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4. Conclusions 
The NO3- contamination in the aquifer underlying the city of Shiraz, driven by local urbanization, agricultural 
practices and industrial activities results in current NO3- concentrations as high as 149 mg/L. These maximum NO3- 
concentrations are observed in agricultural area where the groundwater depth is low (below 10 m). The chemical 
characterization of water samples indicates that at least 3 distinct end-members are necessary to explain the 
observed NO3- levels. The dual isotope approach shows that while mineral fertilizers are not a vector of pollution; 
the main sources are sewage effluents and manure applied in isolated lawns, parks and farms. Isotope results may 
also suggest the presence of natural denitrification but this conclusion is not comforted by other chemical parameters 
(dissolved oxygen, NO2, enrichment in heavy 15N and 18O of the residual NO3-). 
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